Swine dysentery was induced in pigs and in ligated colonic segments by inoculation of pure cultures of, or colonic contents containing, Treponema hyodysenteriae. The mildest changes, best seen in ligated segments 48 or 72 hours after inoculation, were congestion and leucocytic margination in mucosal capillaries and depletion of mucigen from goblet cells lining the base of the crypts of Lieberkuhn. Superficial mucosal necrosis and crypt cell hyperplasia were later changes. Perfusion studies with India ink did not demonstrate occlusive mucosal ischemia in acute swine dysentery. Mucosa with lesions of swine dysentery contained at least lo5 colony forming units of T. hyodysenferiae per gram. Mucosa without lesions had lo5 or fewer T. hyodysenferiae per gram. Segments with acute swine dysentery were distended with clear mucoid fluid with electrolyte composition indicative of net colonic secretion. No increase in the concentration of volatile fatty acids was detected in content from intact colons or colonic segments with lesions of acute swine dysentery.
Abstract. Swine dysentery was induced in pigs and in ligated colonic segments by inoculation of pure cultures of, or colonic contents containing, Treponema hyodysenteriae. The mildest changes, best seen in ligated segments 48 or 72 hours after inoculation, were congestion and leucocytic margination in mucosal capillaries and depletion of mucigen from goblet cells lining the base of the crypts of Lieberkuhn. Superficial mucosal necrosis and crypt cell hyperplasia were later changes. Perfusion studies with India ink did not demonstrate occlusive mucosal ischemia in acute swine dysentery. Mucosa with lesions of swine dysentery contained at least lo5 colony forming units of T. hyodysenferiae per gram. Mucosa without lesions had lo5 or fewer T. hyodysenferiae per gram. Segments with acute swine dysentery were distended with clear mucoid fluid with electrolyte composition indicative of net colonic secretion. No increase in the concentration of volatile fatty acids was detected in content from intact colons or colonic segments with lesions of acute swine dysentery.
Amid considerable recent progress in the elucidation of the cause of swine dysentery there has been little progress in understanding the mechanism by which the distinctive colitis of the disease is induced. Most recent work supports the view that swine dysentery is the result of the combined action of a large spirochete, Treponema hyodysenteriae, and one or more species of colonic anaerobic bacteria [2, 211. Since disease can be induced in normal swine by feeding cultures of T. hyodysenteriae, the treponeme is considered the principal causative agent [8, 9, 11, 20, 29) . Suggested mechanisms by which the characteristic colitis is initiated are epithelial cell invasion by the spirochete, cytotoxin production by the treponeme or associated colonic anaerobes, or mucosal infarction initiated by spirochetal or other bacterial toxins. There is no firm evidence to support any of these mechanisms. The theory of a cytotoxin is based upon the sudden appearance of coagulative mucosal necrosis only in areas of massive spirochetal proliferation and the failure to demonstrate invasion of healthy cells by spirochetes or other bacteria. It was suggested that necrosis is restricted to the most superficial epithelium because subtle variations of colonic microenvironment permit adequate concentration of T. hyodysenteriue and its proposed toxin only close to the most superficial epithelium [ I 1, 131. The theory of cell invasion is based primarily upon the demonstration of large treponemes within degenerative colonic epithelial cells [8, 301. The ability of T. hyodysenteriue to penetrate healthy cells, however, has not been proven. The theory of mucosal infarction is based upon the reportedly frequent observation of thrombi in the mucosal vessels of the colons of pigs with swine dysentery [ 13).
While there seems little agreement as to how the lesion is produced, there is considerable uniformity in the descriptions of the lesion itself. Superficial mucosal congestion, epithelial cell necrosis and massive mucin outpouring from elongated crypts are recognized as the changes of acute swine dysentery [8, 9, 11, 19, 291 . The temporal and, if any, causal relationship between these acute lesions have received scant attention, probably because all are usually in pigs killed after 24 hours or more of dysentery.
The purpose of this project was twofold: firstly, to describe the sequential development of the lesion of swine dysentery and, secondly, to evaluate the three above mentioned theories of pathogenesis.
Materials and Methods
The treponeme used was cultured as described [ 171 from the colon of a pig with experimentally induced swine dysentery and was passaged three times on blood agar (trypticase soy agar with 5% bovine blood) at 72to 96-hour intervals.
Nine weanling specific-pathogen-free pigs of both sexes were not fed for 24 hours and then were fed the contents of 22 blood agar plates of T. hyodysenteriue mixed with a small amount of antibiotic-free ground feed. After infection the pigs were observed twice daily, and each pig was killed and necropsied within a few hours of the observed onset of diarrhea. To reduce confusion with diarrhea of other cause, the decision to kill was based upon observation of numerous large spirochetes typical of T. hyodysenteriue in washings of rectal swabs from diarrheic pigs. Each pig was stunned by electrocution and exsanguinated. The spiral colon was incised and as much content as possible was collected. An effort was made to exclude content from cecum or from colonic spirals that were macroscopically normal. Material to be analyzed for toxins was strained through cheesecloth, centrifuged at 4" C for 45 minutes at 27,000 RCF and stored in stoppered tubes at -20" C. This material was used in studies reported in a subsequent paper [33]. Portions of some colonic samples were strained through cheesecloth and used within 2 hours to inoculate surgically prepared colonic segments in pigs.
Ligated colonic segments were made in 20 6to 10-week-old crossbred specific-pathogenfree pigs. Each pig was not fed for 24 to 48 hours, tranquilized with xylazine (10 mg/kg) and lightly anesthetized with intravenous 4% sodium thiamylal (0.3 ml/kg) to facilitate anterior epidural anesthesia. One percent lidocaine hydrochloride infused into the lumbosacral space (0.15 ml/kg) produced anesthesia of the ventral abdominal musculature and skin caudal to the costal arch. The spiral colon was exteriorized through a ventral midline incision. Several pouches about 6 centimeters long were made in the spiral colon by encircling the lumen with ligatures. From five to eight ligated colonic segments were made in each pig with the middle segment at the colonic apex. Since in preliminary trials a single ligature between segments had been insuficient to prevent contamination between adjacent pouches, segments were separated by double ligatures, which created short (1 to 2 centimeters) buffer segments.
Test inoculum was injected into each segment until the segment became turgid, usually 5 to 8 milliliters. lnocula were 24-to 36-hour broth cultures of T. hyodysenreriae grown by the method of Kinyon and Harris [ 161 and fresh colonic content from the pigs described previously.
Cultures were used when slightly turbid (10" to 10' CFU/ml) rather than after a specific incubation interval, although usually appropriate turbidity was attained after 24 hours incubation at 38' C. In each pig at least one segment was inoculated with sterile trypticase soy broth as a negative control. The pigs were necropsied 24 to 72 hours after inoculation. A segment was recorded as positive or negative based upon the appearance of the unopened segment and then its content. A positive segment was one that was distended with watery fluid. A negative segment was not distended and contained digesta that was drier than colon content of healthy pigs on a similar diet.
To study colonic mucosal perfusion in acute swine dysentery, India ink (2 ml/kg) was injected into the left ventricle of two healthy pigs, two pigs with naturally occurring swine dysentery, two pigs with experimentally induced dysentery and four pigs with swine dysentery in ligated colonic segments. The pigs were killed at the completion of ink infusion which usually required 1 to 2 minutes.
Sampling at necropsy included tissue for histologic and microbiologic examination and colonic luminal fluid for chemical analysis. For histology. pieces of liver, lung. spiral colon and each colonic segment were fixed in 10% neutral buffered formalin and embedded in paraffin. Sections were cut at 6 micrometers. stained with hematoxylin and eosin (HE), Warthin-Starry silver stain or alcian blue-periodic acid-Schiff technique and examined with a light microscope. Bacteriologic examination was limited to darkfield microscopic examination of mucosal scrapings from colons or colonic segments with suspected swine dysentery and culture for T. hyodysenreriae and Salmonella. The number of T. hvodwenreriae colonizing the colonic mucosa of three pigs with acute experimental swine dysentery. of 35 colonic segments. and of nine uninoculated control segments was determined. The mucosa was removed by scraping with a microscope slide and 0.5 gram was homogenized in a sterile glass tissue grinder. The mucosal homogenate was suspended in 9.5 milliliters saline and serial tenfold dilutions to lo-" were made. One 5 8 bovine blood agar plate containing 400 pg/ml spectinomycin was inoculated with 0.1 milliliter of each dilution. The plates were incubated at 42" C for 72 hours in an atmosphere of 80% H2. 20q C 0 2 and were then examined for zones of clear hemolysis typical of T. hyo@senreriae [ 171. For isolation of salmonella organisms a 20-gram aliquot of ileum, ileocecal lymph node and liver from each pig was minced with scissors and placed in 100 milliliters tetrathionate broth for 15 to 24 hours at 40" C . One loopful of broth was streaked on a brilliant green agar plate. After 24 hours at 40" C. any non-lactose fermenting (pink) colonies were identified as Salmonella if appropriate reactions occurred in triple sugar iron agar and in urease. mannitol and lysine decarboxylase broths. Salmonella was isolated from one pig and the data discarded.
Content from colons or colonic segments was analysed for protein. electrolytes and volatile fatty acids. All analyses were of colonic supernatant fluid which had been passed through 0.45-micrometer membrane filters. Protein was measured with a refractometer. Sodium and potassium were measured with a flame photometer. Chloride was determined with a chloride meter. Volatile fatty acid was measured by a gas-liquid chromatograph by a standard method for bacteriologic fluids [lo] . For comparison. samples of colonic fluid from three healthy pigs and from seven pigs with enteric salmonellosis or necrotic ileitis were analyzed for volatile fatty acids. The data were statistically analyzed by Student's I test.
Results
The first pig developed swine dysentery 10 days after inoculation with T. hyodysenteriae. All remaining pigs contracted dysentery within the ensuing 3 weeks. At necropsy the colon in each pig was edematous and filled with foul smelling fluid.
The colonic wall was grey and almost translucent from the edema. Edema was usually within the mesentery binding the colonic coils. The mucosa was hyperemic, thick and wrinkled. In most specimens the mucosa was focally or diffusely covered by granular yellow debris. Petechiae and small erosions were widespread in two pigs. The mucosa of one pig was edematous and covered by a thick layer of tenacious mucin but had few erosions or hemorrhages. In another pig the pseudomembrane was unusually thick with the necrosis involving a greater thickness of mucosa than in other specimens. The mucosa of the small intestine and descending colon was normal in all pigs.
The microscopic changes were those of acute, often patchy, erosive colitis. Necrosis was entirely restricted to superficial epithelium ( fig. 1 ). In areas of surface necrosis the crypts were elongated by about 50% compared to colonic epithelium from healthy pigs of similar size. Mucin was in dilated crypt necks and mingled with fibrin, exfoliated epithelial and inflammatory cells, red blood cells and bacteria to form a pseudomembrane overlying the eroded surface. Within the lamina propria there was congestion of subepithelial capillaries, edema and sometimes an increased number of inflammatory cells. The inflammatory cells were mainly polymorphonuclear leucocytes concentrated immediately below necrotic epithelium. Edema in the lamina propria between crypt shoulders caused bulging of the epithelium into blunt, swollen pseudovilli. In some sections there was accumulation of homogenous eosinophilic fluid in the superficial lamina propria, perhaps related to plasma skimming in dilated capillaries. Hemorrhage from vessels denuded by the overlying epithelial necrosis was widespread in a few specimens. Fibrin thrombi were in the lamina propria of some specimens but were seldom numerous. Submucosa was usually unaltered except for mild congestion and edema.
The special histologic stains added appreciably to the interpretation of these early lesions. Silver impregnation revealed masses of spirochete-like organisms in the dilated crypt necks and on the epithelial surface. Similar organisms were in smaller numbers at the base of some dilated crypts. In all locations deeply stained commashaped bacilli were common but not in as large numbers as the spirochetes. With mucin stains the origin of the abundant mucinous exudate typical of the disease was evident. Mucigen was depleted from goblet cells of the surface epithelium and entire crypt in advanced lesions, but in many sections mucigen depletion was mostly from cells lining the crypt base ( fig. 2) . There frequently was bulbous distension of the basal quarter of the crypt. Even when goblet cells in the middle and outer thirds of the crypt contained theca distended with mucigen, the cells at the base contained only small packets of vesicular PAS-positive or alcian blue-positive material between the nucleus and the cell apex ( fig. 3 ). Mitotic figures were infrequent.
Of 82 colonic segments in 19 pigs inoculated with broth cultures of spirochetes, 49 had a positive fluid reaction at necropsy. Thirty-eight of 47 segments examined after 72 hours incubation were positive, 1 1 of 15 examined at 48 hours were positive and none of 20 examined after 24 hours were positive (table I) . Positive segments contained an estimated 20 to 50 milliliters tenacious, often colorless, fluid which caused obvious segment distension. Accumulation was more marked in pouches after 72 hours than at 48 hours, but even at 48 hours there usually was a clear distinction between the dehydrated negative control segments and positive test segments (fig. 4) .
In pigs inoculated with pure cultures or colon material and killed after 24 hours, fluid accumulation was not a reliable indicator of swine dysentery. Although none of the 20 segments inoculated with pure cultures had gross or microscopic changes suggestive of dysentery after 24 hours, four of six segments inoculated with fluid from previous positive segments had erosive colitis. Only two had fluid accumulation.
In one pig all four segments that were inoculated with crude colonic content from a pig with dysentery had a positive fluid reaction after 72 hours. This pig was examined ' Found non-pathogenic in repeated pig inoculation studies.
Grossly negative segments had microscopic features of swine dysentery.
at 24 hours during biopsy procedure and one of the pouches was distended.
There was no fluid accumulation in segments inoculated with sterile broth, with cultures of poor motility after an excessively high number of in vifro passages, or when the treponeme used was a known nonpathogen [32]. Such segments invariably had dehydrated content. Microscopic changes, attributed to surgical manipulation and gut stasis, included karyorrhexis and slight congestion in the superficial lamina propria and accumulation of debris or inspissated mucin in a few crypts.
Lesions were similar in all positive test pouches regardless of the inoculum, with variations among segments with the same inoculum in the same pig as great as among different inocula and different pigs. The mucosa was edematous, hyperemic and, infrequently, macroscopically eroded. The least severe microscopic change was congestion of the most superficial mucosal capillaries and dilation of the basilar part of the crypts caused by mucigen discharge from basilar goblet cells (fig. 5 ) . In segments with more severe lesions goblet cells throughout the crypt were evacuated and mucin was streaming from the neck of dilated crypts. Staining of these sections with alcian blue-PAS showed supranuclear granular alcian blue or PAS-positive deposits, occasionally with early theca formation, in numerous cells not otherwise recognizable as goblet cells by light microscopy. Crypts thus affected were frequently hyperplastic and some were twice the depth of crypts in adjacent uninoculated control segments (fig. 6 ). This crypt elongation was present even in some very early (24-hour) segments and was not always accompanied by erosion at the surface of the affected crypts. Nevertheless, surface erosion was found at least focally if many sections from such segments were examined.
Mucosal necrosis was seen only in those segments with congestion and outpouring of mucin. Superficial columnar cells became cuboidal or occasionally squamous, their nuclei pyknotic and cytoplasmic boundaries indistinct. Exfoliation occurred as individual degenerate cells or as small sheets of cells that seemed to be cleaved from the surface by proprial edema (fig. 7) . Neutrophils were numerous in sections with erosions, marginated in congested capillaries or free within the lamina propria adjacent to the epithelial defect. Sloughed epithelium, neutrophils, fibrin, mucin and bacteria combined to form a diphtheritic membrane over the eroded surface. Thrombi were infrequent.
Obstruction of mucosal perfusion was not demonstrated in colons or colonic segments with swine dysentery. After infusion of India ink, the mucosa of diseased colon or colonic segments was usually darker than that of control specimens. This grossly apparent difference was attributed to enhanced perfusion accompanying acute mucosal inflammation. Microscopically, mucosal capillary filling with ink was patchy in both healthy and diseased specimens. Nevertheless, in colons or colonic segments with acute dysentery there were masses of carbon in capillaries immediately below the eroded epithelium ( fig. 8, 9 ).
The mucosa of three pigs with experimentally induced swine dysentery contained 10' or lo8 T. hyodysenteriue per gram (mean 1.8 x 10'). The counts from mucosa of 21 positive test segments ranged from 10" to 10" per gram (mean 2.1 x lo7), with most segments containing loti or 10' CFU/g. T. hyodysenteriue was not isolated from the mucosa of two segments with fluid accumulation and with histologic changes of early swine dysentery. Inoculated segments that had no evidence of swine dysentery after 48 or 72 hours contained lo4 or 10' CFU/g of mucosa, as did five of nine uninoculated control segments. Segments cultured 24 hours after inoculation, none of which had lesions of swine dysentery, contained l o 3 to lo5 CFU/g of mucosa (table 11) .
Some chemical characteristics of colonic supernatant fluid from pigs or from colonic segments with swine dysentery are given in tables 111 and IV.
Discussion
Lesions produced in pigs with intact colons and in pigs with ligated colonic segments were similar to those described in naturally occurring and experimentally induced swine dysentery. Much outpouring, crypt elongation, surface necrosis and pseudomembrane formation occurred in both test systems but were generally more severe in pigs with intact colons. Although all such pigs were killed within 24 hours of the onset of diarrhea, the development of pseudomembrane and the depth of necrosis were highly variable. Our observation that the gross or histologic "severity" of the lesion does not invariably increase with duration of the disease is in agreement with a previous study by scanning electron microscopy [ 121. In that study the necrotic lesion became more diffuse but not noticeably more severe with increasing duration of clinical disease. In our study there was little change in the lesion after the onset of clinical disease. Sections examined from pigs killed after about 8 hours of diarrhea could not be distinguished from those taken from pigs killed after 48 hours or more of diarrhea. There was as much variation among sections from the same pig as among different pigs with different disease duration, and to ascribe a duration to the disease condition based upon the microscopic features is probably invalid. On the contrary, it is typical of swine dysentery that the lesion remains as active superficial necrosis without deeper penetration, fibrosis or other changes normally accompanying a prolonged colitis.
In our study expulsion of mucigen from goblet cells in the basilar part of colonic crypts was the earliest change in all pigs infected with T. hyodysenteriue. The selective disgorgement by cells at the base of crypts in response to irritation at the mucosal surface, rather than the goblet cells closer to the site of irritation, is unexplained but has been seen with mild chemical irritation (3, 51 and in cholera of man [28, 341. In those sections with crypt hyperplasia the apparent mucigen depletion may have been caused in part by diminished mucigen formation in the immature proliferating cells populating the basilar half of the crypts.
It is useful to think of swine dysentery as the result of a temporary alteration in mucosal equilibrium. The intestinal morphology considered "normal" is the result of a balance between mucosal necrosis (normal senescence) and crypt cell proliferation. Shortening of villi and elongation of crypts which occur during the neonatal period [22, 231 and after weaning [ 14) are thought to be in response to acquisition or shift in the enteric microflora. The presence of the bacteria, by an unknown mechanism, accelerates cell senescence and triggers compensatory expansion of the mucosal proliferative compartment [ 11.
The variation in crypt depth, villous length and mucosal leucocyte population in pigs is likely a reflection of the equilibrium of degeneration and regeneration unique to each pig and its enteric environment. If the equilibrium results in intestinal morphology that does not permit proper intestinal function, the clinicopathologic features of malabsorption ensue. It is reasonable to view swine dysentery in a similar light. Surface necrosis develops rapidly but fails to progress more deeply into the mucosa. Instead, the characteristic lesion of the disease is persistent necrosis of surface epithelium in equilibrium with marked hyperplasia of the crypts. Were it not * Two segments had lesions of swine dysentery but no T. hyodysenteriue was isolated.
' Unfiltered fluid from colonic segments with swine dysentery.
for the sometimes fatal fluid and electrolyte loss caused by the diarrhea, it seems that a nonprogressive shift in the mucosal equilibrium of a nonessential organ should be of little significance. Fluid secretion into the intestinal lumen independent of mucosal necrosis occurs in human cholera [ 18,24, 27,28,3 1,341 and in neonatal enterotoxigenic colibacillosis [24] . In cholera the only morphologic change is loss of mucin from small intestinal goblet cells [34] . In shigellosis [ 15,271 and enteric salmonellosis [6,7] , the two diseases that are probably most similar histologically to swine dysentery, much if not all of the fluid loss is by active secretion and not by inflammatory transudation. The importance of active fluid secretion in swine dysentery is unknown. Attempts to detect enterotoxin-like activity in various preparations of virulent T. hyodysenteriae have been unsuccessful [32] . Nevertheless, the accumulation of fluid within isolated bowel segments which contained two to three times the sodium and chloride concentration found in healthy pigs can be explained adequately only by a disorder in electrolyte secretion or absorption. The possibility of an osmotic effect of the inoculum is eliminated by the long delay (longer than 24 hours) between inoculation and fluid response. The low protein content of the fluid and minimal inflammatory reaction in some distended segments suggest that the fluid is not an inflammatory exudate or transudate. How significantly this mucin outpouring contributes to the electrolyte and fluid loss in swine dysentery is unknown but it may be considerable. A normal goblet cell produces a mucin droplet from the complexus succulorum (Golgi zone) every 2 to 4 minutes (251 and the rate of synthesis may accelerate in response to persistent irritation [3] . A spent theca can be replenished in 4 to 6 hours after removal of the irritant [5]. Cyclic adenosine monophosphate, the effector of net secretion in cholera and colibacillosis, is also a potent stimulator of much release [34] . Increased secretion of colonic mucin, which reportedly contains about 140 mEq/ 1 sodium and an equal or greater amount of potassium [26] , may account for the greatly elevated sodium and potassium concentration in dysenteric colon content (table IV) . Proliferation of T. hyodysenteriue to greater than lo5 CFU/g of mucosa seems a prerequisite for lesion development (table 11) . After inoculation of about 10' treponemes into a segment, the organism was isolated at about lo-', lo6 and 10' CFU/g of mucosa after 24,48 and 72 hours, respectively. Although the efficiency of the culture system and the distribution of the inoculated bacteria within the test segment are unknown, it can be postulated that the spirochetes initially suffered high mortality in the transition from the culture tube to the competitive environment of the colonic segment. In most segments enough spirochetes survived to provide for the gradual increase in their numbers until the apparently critical number of 10'' to 10" CFU/g of mucosa was attained. Inoculation of dysenteric colon content included not only the treponemes but also other bacterial and biochemical components of a presumably favorable microenvironment which permitted rapid establishment of the treponemal population and rapid disease production.
The unexpected isolation of T. hyodvsenreriue at up to l o i CFU/g from uninoculated control segments provides additional data to establish loi to 10" CFU/g of mucosa as the lesion production. Counts of less than 10" CFU/g were from segments without lesions, and counts of lo6 CFU/g or greater were always from segments with swine dysentery. Counts between 10" and 10" CFU/g were obtained from segments with and without lesions of swine dysentery. In control segments, the source of the contaminating large spirochetes was probably the adjacent inoculated segments despite the barrier of the I-centimeter buffer segments. Pigs from the source used in these studies have repeatedly been cultured for T. hyodysenteriue with negative results [4] . Nevertheless, it is also possible that the stress of surgery or the abnormal environment of a stagnant segment caused proliferation of a normally latent spirochetal population.
The relatively mild lesion in most ligated colonic segments as compared to the lesion in intact pigs may have been the result of an unfavorable (for the spirochetes) 
